The associations of individual dietary fatty acids with prostate cancer risk have not been examined comprehensively. We examined the prospective association of individual dietary fatty acids with prostate cancer risk overall, by tumor subtypes, and prostate cancer death. 142,239 men from the European Prospective Investigation into Cancer and Nutrition who were free from cancer at recruitment were included. Dietary intakes of individual fatty acids were estimated using center-specific validated dietary questionnaires at baseline and calibrated with 24-h recalls. Multivariable Cox regression models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs). After an average follow-up of 13.9 years, 7,036 prostate cancer cases and 936 prostate cancer deaths were ascertained. Intakes of individual fatty acids were not related to overall prostate cancer risk. There was evidence of heterogeneity in the association of some short chain saturated fatty acids with prostate cancer risk by tumor stage (p heterogeneity < 0.015), with a positive association with risk of advanced stage disease for butyric acid (4:0; HR 1SD = 1.08; 95%CI = 1.01-1.15; p-trend = 0.026). There were no associations with fatal prostate cancer, with the exception of a slightly higher risk for those who consumed more eicosenoic acid (22:1n-9c; HR 1SD = 1.05; 1.00-1.11; p-trend = 0.048) and eicosapentaenoic acid (20:5n-3c; HR 1SD = 1.07; 1.00-1.14; p-trend = 0.045). There was no evidence that dietary intakes of individual fatty acids were associated with overall prostate cancer risk. However, a higher intake of butyric acid might be associated with a higher risk of advanced, whereas intakes of eicosenoic and eicosapentaenoic acids might be positively associated with fatal prostate cancer risk.
Introduction
Prostate cancer is the most frequently diagnosed cancer in men in Europe, 1 but the well-established risk factors age, ethnicity, genetic factors and family history of the disease are not modifiable. 2, 3 There is also evidence that circulating insulin-like growth factor-I (IGF-I) is related to higher overall prostate cancer risk, 4 and obesity has been associated with a higher risk of aggressive disease. 5 Moreover, the wide international variation in prostate cancer incidence and the changing rates observed in migrant studies suggest that environmental and lifestyle factors, such as dietary factors, are possible risk factors for the disease. 6 However, some of this international variation is due to differences between countries What's new? Are individual dietary fatty acids associated with prostate cancer development and progression? In this large, prospective study, the authors found that for prostate cancer overall, the answer is no. However, a higher intake of butyric acid may be associated with an increased risk of advanced-stage prostate cancer, and higher intakes of eicosenoic and eicosapentaenoic acids may be positively associated with risk of lethal prostate cancer.
in prostate-specific antigen (PSA) testing, which has especially increased the diagnosis of nonaggressive tumors 1 ; therefore, to provide more clarity on prostate cancer etiology, it is important that analytical studies characterize prostate cancer by stage, grade and fatality of the disease.
The possible role of total and specific types of dietary fats in relation to prostate cancer development and progression has attracted much interest. 7, 8 The latest meta-analysis from the World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR) stated that the evidence was limited and no conclusion could be reached on whether consumption of total fat, saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), or polyunsaturated fatty acids (PUFAs) is associated with overall prostate cancer risk or with risk for 'advanced/high grade' prostate cancer. 2, 9 However, this meta-analysis did not differentiate between stage and grade of the disease because of the small number of available studies with data on both these outcomes, and associations with prostate cancer death were not available. Moreover, recent studies have shown that individual fatty acids may confer heterogeneous health effects, [10] [11] [12] which might explain the current inconclusive results on the role of dietary fat on prostate cancer.
The aim of this study was to examine the association of intakes of individual dietary fatty acids with the risk of prostate cancer, and to examine whether any associations differ by tumor grade, stage, or for death from prostate cancer in the European Prospective Investigation into Cancer and Nutrition (EPIC).
Material and Methods
Subjects and study design EPIC includes 153,457 men recruited between 1992 and 2000 from 19 centers, most aged 35-70 years, in 19 centers in eight European countries (Denmark, Germany, Greece, Italy, Netherlands, Spain, Sweden and United Kingdom (UK)) (more details in Supporting Information Methods). The details of the study design used in the EPIC study have been described elsewhere. 13 Men were not eligible for this analysis if they were diagnosed with cancer (except nonmelanoma skin cancer) before recruitment (n = 3,972), if they had missing dates of prostate cancer diagnosis (n = 14) or follow-up (n = 1,433), or if they were aged <20 years at recruitment (n = 2). Men were also excluded if they had no nondietary or dietary data, or if they had an extreme energy intake in relation to estimated requirement (top and bottom 1%, n = 5,766). 14 Complete data on diet and follow-up for prostate cancer were available for 142,239 men (Supporting Information Fig. S1 ).
Assessment of dietary intake and other predictor variables
At baseline, information was collected on lifestyle, health status, socio-demographic characteristics, anthropometry and medical history. 13 Dietary intake during the year before enrolment was measured by country-or center-specific validated food frequency questionnaires (FFQs) or diet histories, as previously described. 13, 15 To correct for any systematic under-or overestimation of dietary intake across the participating centers, dietary intakes from the questionnaires were calibrated using a standardized, computer-based, 24-h dietary recall method in an 8% random sample of the whole EPIC cohort.
In order to estimate the intakes of individual fatty acids, the EPIC Nutrient Database (ENDB) was matched with the National Nutrient Database for Standard Reference of the United States (NNDSR; developed at the USDA). 15, 16 The fatty acid intakes reported in this manuscript were obtained through this extra USDA matching (more details in Supporting Information Methods). Due to the very small amounts of some individual fatty acids, we only included those with a mean total intake of at least 0.05 g/day in these analyses, with the exception of docosapentaenoic acid (22:5n-3c), which was included due to its previously suggested role in prostate cancer risk. 12 Fatty acids were presented and analyzed as grams per 1,000 kcal/day in order to control for confounding by total energy intake. 17 Short chain fatty acids were strongly correlated with each other (Supporting Information Table S2A ), probably because of their shared food sources 18 ; therefore, in addition to analyzing short chain SFAs individually, they were also combined together in groups as 4:0-10:0 and 12:0-14:0. 10
Ascertainment of prostate cancer
The main source of information on cancer incidence, tumor subtypes and vital status was population-based cancer and mortality registries. In Germany and Greece follow-up was based on a combination of methods, including health insurance records, cancer and pathology registries, as well as active follow-up through participants or relatives; self-reported incident cancers were verified through medical records. Follow-up began at the date of recruitment and was censored at the date of last known contact, or at the date of diagnosis of cancer, death, emigration or the end of the follow-up period, whichever came first. Prostate cancer (n = 7,036) was defined as code C61 in the 10th Revision of the International Statistical Classification of Diseases, Injuries and Causes of Death (ICD). 19 Grade (based on Gleason sum) was classified as low-intermediate (Gleason sum of <8, or grade coded as well, moderately, or poorly differentiated; n = 3,757) or high (Gleason sum of ≥8, or grade coded as undifferentiated; n = 726) grade. Information on stage was based on tumor-node-metastasis (TNM) staging code. Localized stage included those confined within the prostate and with no metastases at diagnosis (TNM staging score of ≤T 2 and N 0 /N x and M 0 , or stage coded in the recruitment center as localized; n = 2,641). Advanced cases included tumors that had spread beyond the prostate at diagnosis (T 3 -T 4 and/or N 1 -N 3 and/or M 1 , and/or stage coded in the recruitment center as metastatic; n = 1,389). Fatal cases were those who died of prostate cancer (n = 936).
Statistical analysis
Baseline characteristics of the study population were calculated across fifths of total SFAs, MUFAs and PUFAs intake in grams/1000 kcal and presented as means with standard deviations (SDs) for continuous variables or percentages for categorical variables. Pearson correlations between intakes of individual SFAs, MUFAs and PUFAs were calculated. Each individual fatty acid was divided into fifths of intake in grams/1000 kcal/day based on the distribution in the EPIC cohort and also modeled as continuous variables per SD higher intake.
Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using Cox proportional hazards models using attained age as the underlying time variable. The date of last follow-up ranged from January 2011 in Germany to October 2013 in Spain. All analyses were stratified by center and age (<50, 50-54.9, 55-59.9, 60-64.9, 65-69.9, and ≥70 years) at recruitment. To check for violation of the proportional hazards assumption we used time-varying covariates and Schoenfeld residuals, which did not indicate violation from the proportional hazards assumption. Tests for linear trend were performed using continuous values for dietary fatty acids, with increments based on one SD increase. All models were adjusted for educational level (no degree or equivalent, degree or equivalent, unknown), smoking status (never, former, current, unknown), marital status (married or cohabiting, not married or cohabiting, unknown), diabetes (no, yes, unknown), physical activity (inactive, moderately inactive, moderately active, active, unknown 20 ), height (<170, 170-174, 175-179, ≥180 cm, unknown), BMI (<22.5, 22.5-24.9, 25-29.9, ≥30 kg/m 2 , unknown), and total energy intake (fifths). Participants with missing values were assigned an "unknown" category; <3% of values were missing for each covariate, with the exception of marital status, for which 30% of values were missing.
Tests for heterogeneity of trends for histological grade (lowintermediate or high), tumor stage (localized or advanced), and time between blood collection and diagnosis (<5 years, ≥5 years)] were performed. For this, we fitted separate models for each subgroup assuming independence of the HRs using a method analogous to competing risks, and compared the risk coefficients and standard errors in the subgroups of interest after excluding cases of unknown grade or stage. 21 All analyses were performed using Stata version 14.1 (Stata Corporation, College Station, TX), all tests of significance were two-sided, and a p-value less than 0.05 was considered statistically significant. Conventional p-values are shown but the results were interpreted in the light of the number of tests performed.
Results
A total of 7,036 men were diagnosed with prostate cancer after an average follow-up time of 13.9 years. The median age at prostate cancer diagnosis was 68 years (range, 41-95 years). Table 1 shows the characteristics of the study participants at baseline. Some baseline characteristics varied by fatty acids consumption. For example, men in the highest fifth of SFAs intake were more likely to have an education degree and have a higher total energy intake. Men in the highest fifths of MUFAs and PUFAs intake were more likely to be younger at recruitment and older at prostate cancer diagnosis.
Palmitic acid (16:0), oleic acid (18:1n-9c) and linoleic acid (18:2n-6c) were the largest contributors to total SFAs, MUFAs and PUFAs intake, respectively (Supporting Information  Table S1 ). Butyric acid (4:0), caproic acid (6:0), caprylic acid (8:0) and capric acid (10:0) were strongly correlated with each other (correlation coefficients ranged from 0.840 to 0.972). There was also a strong correlation between palmitic acid (16:0) and stearic acid (18:0) (correlation coefficient 0.814, Supporting Information Table S2A ). Although individual MUFAs were correlated, these correlations were not very strong (Supporting Information  Table S2B ). The PUFAs eicosapentaenoic acid (20:5n-3c), docosapentaenoic acid (22:5n-3c) and docosahexaenoic acid (22:6n-3c) were also strongly correlated (correlation coefficients ranged from 0.872 to 0.968, Supporting Information Table S2C ).
The associations of intakes of individual SFAs, MUFAs and PUFAs with risk for overall prostate cancer, prostate cancer subdivided by grade and stage of disease, and for prostate cancer death, using both the observed and calibrated intakes, are shown in Tables 2 (Supporting Information Table S3 for observed intakes), 3 (Supporting Information Table S4 for observed intakes), and 4 (Supporting Information Table S5 for observed intakes), respectively. Results for observed and calibrated intakes were similar in direction; therefore, from here on we will only report calibrated results.
Intakes of individual SFAs, MUFAs and PUFAs were not related to overall prostate cancer risk (Supporting Information  Table S6 and Tables 2-3 and 4) . Removing BMI as a covariate in the model has no impact on any of the results. There was no evidence of heterogeneity in separate analyses by grade (Tables 2-3 and 4). We found evidence of heterogeneity in the association of some SFAs [butyric acid (4:0), caproic acid (6:0), 4:0-10:0 combined and 12:0-14:0 combined] with prostate cancer risk by tumor stage (p heterogeneity for all < 0.03; Table 2) , with a positive association with risk of advanced stage disease for butyric acid (4:0; HR 1SD in calibrated intake = 1.08; 1.01-1.15; p-trend = 0.026), and no significant associations with localized disease. There was also evidence of heterogeneity by tumor stage (p heterogeneity = 0.021) in the association between arachidonic acid (20:4n-6c) with prostate cancer risk, with a higher intake of this PUFA being weakly associated with a lower risk of advanced disease (HR 1SD in calibrated intake = 0.91, 0.82-1.01; p-trend = 0.072; Table 4 ).
We observed no associations between intakes of individual dietary fatty acids and prostate cancer death, with the exception of a small increased risk for those with a higher intake of eicosenoic acid (22:1n-9c; HR 1SD in calibrated intake = 1.05; 95% CI 1.00-1.11; p-trend = 0.048; Table 3 ) and eicosapentaenoic acid (20:5n-3c; HR 1SD in calibrated intake = 1.07; 95% CI 1.00-1.14; p-trend = 0.045; Table 4 ).
Although there was some evidence of heterogeneity for the association of some long-chain SFAs with total prostate cancer risk when subdivided by time between recruitment and diagnosis (<5 years, ≥5 years; Supporting Information Table S7) , the associations at each of the follow-up times were not statistically significant. There was no evidence of heterogeneity for the rest of individual fatty acids by follow-up time.
Discussion
In this large prospective study, intakes of individual fatty acids were not associated with overall prostate cancer risk. However, a (676) Percentages do not match due to missing data. Fifths calculated from g/1000 kcal of each fatty acid. 1 Values are means (SD).
Abbreviations: BMI, body mass index; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; SFAs, saturated fatty acids. higher intake of butyric acid was positively associated with risk for advanced stage prostate cancer. There was also a small increased risk of fatal prostate cancer risk with higher intakes of eicosenoic acid and eicosapentaenoic acid. The possible association between fat intake (total fat and specific fatty acids) with prostate cancer risk and/or progression has generated considerable debate. Animal and cell studies have shown that dietary fat can promote metastasis. [22] [23] [24] Several mechanisms that may underpin this association have been proposed. These include a positive association of total fat intake with IGF-I 25 and androgen 26 concentrations and, based on experiments in mice, a possible role in the activation of the IGF-Akt pathway and the proliferation of prostatic intraepithelial neoplasia (PIN) epithelial cells. 23 Nevertheless, data from prospective studies are inconclusive. 2 There are various differences between prospective studies that could account for the inconclusive findings, such as that most studies have combined grade and stage of the disease, and that the type of fatty acid rather than total amount may play a role in prostate cancer development and/or progression.
Our finding of an increased risk of advanced prostate cancer associated with higher butyric acid (4:0), caproic acid (6:0), and 4:0-10:0 combined intakes is difficult to put into context, as other prospective studies have not examined these associations. A previous survival analyses among Swedish men initially diagnosed with localized prostate cancer found that a higher intake of short chain fatty acids (4:0-10:0) may increase risk of prostate cancer death 27 ; myristic acid (14:0) was also related with worse prostate cancer survival in this study, but we did not find an association of this SFA with prostate cancer risk. A prospective study in Japanese men also found a positive association between myristic and palmitic acid and prostate cancer risk. 28 Dairy products are the main dietary source of short chain fatty acids, 18 which might be involved in prostate cancer etiology. 2 Therefore, it is also possible that the observed associations are driven by other compounds present in dairy products, such as protein or calcium. 29 However, when we further adjusted the multivariable-adjusted models for protein or calcium from dairy products, the significant association between butyric acid and advanced prostate cancer risk was maintained and was even a bit stronger (protein adjustment, HR 1SD in calibrated intake = 1.09; 1.02-1.16; p-trend = 0.016; calcium adjustment, HR 1SD in calibrated intake = 1.09; 1.01-1.16; p-trend = 0.020). Moreover, butter is particularly high in butyric acid and it is also a good source of phytanic acid, which has been related to prostate cancer in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study, 30 a cohort of Finnish male smokers. Phytanic acid is also high in fish, and as discussed below, we have also found a weak association between eicosapentaenoic acid and death from prostate cancer. However, circulating phytanic acid concentrations were not significantly associated with prostate cancer risk in the EPIC cohort. 31 A higher intake of arachidonic acid (20:4n-6c) was weakly associated with a lower risk of advanced disease, which is consistent with a previous individual participant meta-analysis of prospective studies on circulating fatty acids that found an inverse association with aggressive prostate cancer. 12 However, previous prospective studies have found no association between dietary arachidonic acid and prostate cancer risk. 32, 33 The possible mechanisms whereby arachidonic acid may inhibit prostate cancer progression are unknown, because previous experimental studies have suggested that the arachidonic acid pathway may be implicated in prostate cancer development and progression through its involvement in inflammation and cell growth. 34 Further research is therefore needed before conclusions on risk can be drawn. We also found some evidence that both eicosenoic (22:1n-9c) and eicosapentaenoic acid (20:5n-3c) may be associated with a higher risk of death from prostate cancer. To the best of our knowledge, no previous prospective study has looked at the association between eicosenoic acid and prostate cancer risk, but this fatty acid is often found in similar foods as eicosapentaenoic acid (e.g. fish, and nuts and seeds). 35 Circulating eicosapentaenoic acid concentrations have been associated with a higher risk of total prostate cancer in a pooled analysis of prospective studies 12 and dietary intake of eicosapentaenoic acid was associated with a higher risk of advanced and fatal prostate cancer in the NIH-AARP study. 36 However, results from the Health Professionals Follow-Up Study showed that a higher intake of eicosapentaenoic acid was associated with a lower risk of total and advanced prostate cancer. 32 It was suggested in 1993 that α-linolenic acid was positively associated with advanced prostate cancer. 37 However, our results, the latest meta-analysis from the WCRF/AIRC, 2 and findings from a pooling study on circulating fatty acids 12 do not support the hypothesis that higher intake of α-linolenic acid increases the risk of prostate cancer. Previous prospective studies have also suggested that docosapentaenoic acid (22:5n-3c) is involved in prostate cancer development, 12 but we found no association between this fatty acid and prostate cancer risk. A Mendelian randomization analysis of data from up to 22,721 prostate cancer cases in the PRACTICAL consortia found no strong evidence for an association between several PUFAs, such as arachidonic acid, eicosapentaenoic acid, and docosapentaenoic acid, and overall and advanced prostate cancer risk. 38 This study has some strengths and limitations that should be considered. The major strengths include the prospective design and the large sample size, which allowed investigation of fatty acids by stage and grade of prostate cancer tumors and death from prostate cancer. This study also had reliable identification of prostate cancer cases through cancer registries and/or verified medical records. The Gleason grade was based on data available from biopsies and surgical pathology, although there may be some misclassification because of changes in grading over time.
The dietary questionnaires in all EPIC centers were validated and dietary intakes were calibrated using measures from a standardized 24-h diet recall method to correct for over and underestimation of dietary intake. 15 A limitation of the current study was the use of dietary fatty acids intake obtained from assessment questionnaires only at recruitment, which are subject to random measurement error and changes over time, and this would likely lead to an underestimation of true associations. Although we adjusted for multiple covariates, potential unmeasured and residual confounding cannot be excluded, including having a PSA test which was not available in our cohort. In addition, some of the associations observed might be due to chance because of the number of tests performed, and if we correct for multiple testing there would not be any significant results. Moreover, because some dietary fatty acids are highly correlated, it is difficult to disentangle their independent associations with prostate cancer. It is also unclear whether the risk differences observed in our study are attributable to the individual fatty acids or if they might be driven by other compound(s) in their food sources. Finally the fatty acids food sources may vary across the European countries included in this study, for example, the primary food that contributes to oleic acid intake in the south of Europe is olive oil, whereas in some populations in the north of Europe the primary food source is meat. 39 In conclusion, intakes of individual fatty acids were not related to overall prostate cancer risk. However, our results suggest that higher intake of butyric acid may be associated with an increased risk of advanced prostate cancer. We also found a suggestive increased risk of fatal prostate cancer risk with higher intakes of eicosenoic acid and eicosapentaenoic acid. Further prospective studies and metaanalyses are required to better understand the role of individual dietary fatty acids in prostate cancer development and progression. Cox regression analysis. All models are stratified by centre and age at recruitment and adjusted for age (underlying time variable), educational level (no degree, degree or unknown), smoking status (never, former, current or unknown), marital status (married, not married, unknown), diabetes (yes, no, unknown), physical activity (inactive, moderately inactive, moderately active, active, unknown), height (<170, 170-174, 175-179, ≥180 cm or unknown), body mass index (<22.5, 22.5-24.9, 25-29.9, ≥30 kg/m 2 or unknown), and total energy intake (fifths). Low-intermediate grade (Gleason score of <8, or grade coded as well, moderately, or poorly differentiated). High grade (Gleason score of ≥8, or grade coded as undifferentiated). Localized stage (TNM staging score of T0-T2 and N0/Nx and M0, or stage coded in the recruitment centre as localized). Advanced stage (T3-T4 and/or N1-N3 and/or M1, and/or stage coded in the recruitment centre as metastatic). 1 HR (95% CI) estimated per 1-SD increase in fatty acids intake. 2 Linear trends for HRs estimates over a continuous scale of the individual fatty acid. 3 P-value from test for heterogeneity for the associations of intake the individual fatty acids with risk of prostate cancer categorized according to prostate tumor grade (low-intermediate or high) and stage (localized or advanced). Abbreviation: PUFAs, polyunsaturated fatty acids.
